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Gametogenesis is a thermosensitive process in numerous metazo-
ans, ranging fromworms toman. In Caenorhabditis elegans, a vari-
ety of RNA-binding proteins that associate with germ-line nuage
(P granules), including the Piwi-clade argonaute PRG-1, have been
implicated inmaintaining fertility at elevated temperature.Herewe
describethe roleof twoAGO-classparalogs,alg-3 (T22B3.2) andalg-4
(ZK757.3), in promoting thermotolerant male fertility. A rescuing
GFP::alg-3 transgene is localized to P granules beginning at the late
pachytene stage of male gametogenesis. alg-3/4 double mutants
lack a subgroup of small RNAs, the 26G-RNAs which target and
appear to down-regulate numerous spermatogenesis-expressed
mRNAs. Theseﬁndings add to a growing number of AGO pathways
required for thermotolerant fertility in C. elegans and support a
model in which AGOs and their small RNA cofactors function to
promote robustness in gene-expression networks.
gene expression | RNAi | germline | P granules | spermiogenesis
Argonaute (AGO) proteins have been implicated in genesilencing in fungi, plants, protozoans, and metazoans
including humans. They are ∼100-kDa highly basic proteins that
are characterized by the presence of PAZ and PIWI domains and
by their association with small RNA species (reviewed in ref. 1).
Argonautes can be classiﬁed into three clades (2): (i) the AGO
clade, which includes the human AGOs1-4, the Caenorhabditis
elegans miRNA effectors ALG1/2, and all of the Arabidopsis
thaliana AGOs; (ii) the Piwi clade, which more closely resembles
Drosophila Piwi and includes the C. elegans piRNA AGO PRG-1;
and (iii) an expanded family of worm-speciﬁc AGOs (WAGOs)
that, with a few exceptions, lack residues in the PIWI domain
thought to be necessary for slicer endonuclease activity.
In C. elegans, null mutations are available for the entire family
of over 24 AGO genes (3), and at least ﬁve different combinations
of these mutants result in lethal or sterile phenotypes. alg-1/2
mutants display heterochronic defects and lethality that arise from
loss of miRNA-mediated regulation of developmentally impor-
tant transcripts (4). csr-1 mutants have severe chromosome seg-
regation defects that result in embryonic lethality (3, 5), and prg-1
mutants have severe defects in the development of the germline
(6–8). In addition, the simultaneous deletion of 12 WAGOs leads
to a temperature-sensitive sterile phenotype, where mutants are
viable and fertile at 20 °C but sterile at 25 °C (9).
Here we describe two paralogous AGO-clade family members,
alg-3 and alg-4, that are together critical for sperm development
and function. Single mutants have only a minor reduction in
brood size, but double alg-3/4 mutants exhibit drastically reduced
brood sizes at elevated temperatures. We show that a rescuing
GFP::ALG-3 protein is expressed in germ cells undergoing
spermatogenesis and that, even though both male and her-
maphrodite alg-3/4 mutants produce near wild-type numbers of
spermatids, these spermatids exhibit severe defects in the acti-
vation process called spermiogenesis that converts spermatids
into motile ameboid sperm.
A class of 26nt small RNAs called the 26G-RNAs were ﬁrst
identiﬁed in deep-sequencing datasets in C. elegans as part of the
previously described Dicer-ribonuclease-dependent endogenous
small RNApathway, called the ERI pathway, and a subset of these
were noted to be enriched for spermatogenesis-expressed mRNA
targets (10–13). Here we show that, like their targets, a subset of
26G-RNAs are speciﬁcally expressed in the male germline and
that their accumulation depends on the ALG-3/4 AGOs. Our
ﬁndings suggest that ALG-3/4 function directly or indirectly in
concert with 26G-RNAs and with other components of the ERI
pathway to negatively regulate the steady-state levels of their
target transcripts. Together with ﬁndings described by Vasale
et al. (14), our study supports a two-step AGOmodel in which an
initial round of AGO/26G-RNA-mediated targeting triggers the
production of secondary small RNAs (called 22G-RNAs) that
engage a distinct argonautes to amplify the silencing signal.
Our ﬁndings add to a growing number of argonaute-mediated
pathways that promote robust-thermotolerant fertility in C. ele-
gans. Argonautes acquire speciﬁcity through their RNA cofac-
tors, and thus in principle have virtually unlimited capacity for
sequence-speciﬁc gene regulation. We propose that AGO sys-
tems may use their versatile and highly adaptable nature to
promote robustness in gene expression networks.
Results
Mutations in the alg-3/4 AGOs Result in Male-Associated Temperature-
Sensitive Sterility. The AGO-clade argonautes alg-3 and alg-4
exhibit 96% sequence identity at the amino acid level (Fig. S1), as
well as nucleotide homology that extends into the 5′ and 3′ non-
coding regions. Consistent with the idea that alg-3 and alg-4 are
recently duplicated genes, our genetic tests suggested that they
retain partially overlapping functions. When compared to wild
type, the alg-3(tm1155) single mutant exhibited a 2-fold decrease
in brood size at 20 °C, and a 2.5- fold decrease at 25 °C (Fig. 1A).
Similarly, alg-4(ok1041) and alg-4(tm1184) displayed a 2-fold
decrease in brood size at 20 °C, and 3-fold decrease at 25 °C
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(Fig. 1A). However, when alg-3(tm1155) was combined with alg-4
(ok1041), the resulting doublemutants exhibited a 3-fold decrease
in brood size at 20 °C and complete sterility at 25 °C (Fig. 1A).
To determine whether the sterility of alg-3; alg-4 (alg-3/4)
double-mutant hermaphrodites reﬂects a general deﬁcit in
gametogenesis or, alternatively, is speciﬁc to either spermato-
genesis or oogenesis, we created obligate male/female pop-
ulations. To do this we used a fog-2 mutant that results in the
feminization of hermaphrodites (15). In the following crosses, all
of the individuals are fog-2mutants, and for simplicity we refer to
animals with wild-type alg-3 and alg-4 activities as “fog-2 males”
or “fog-2 females” and to alg-3; alg-4 double mutants as “alg-3/4
males” or “alg-3/4 females.” When mated to either fog-2 females
or alg-3/4 females, alg-3/4 males sired half as many progeny as
fog-2 males at 20 °C, and were almost completely sterile at 25 °C
(Fig. 1B). In contrast, alg-3/4 females were only slightly less
fertile than fog-2 females when mated to fog-2 males. These data
indicate that the sterility of alg-3/4 mutants arises primarily from
defects speciﬁc to the male germline.
To determine the temperature-sensitive period for alg-3/4-
associated sterility, hermaphrodites reared at either 20 °C or 25 °
C were shifted to the converse temperature (either up to 25 °C or
down to 20 °C) as L2, L3, or L4 larva, or as gravid adults (16).
When shifted up from 20 °C to 25 °C at or before the L4 stage,
alg-3/4 hermaphrodites were completely sterile (Fig. S2). Con-
versely, fertility was partially restored when alg-3/4 animals were
shifted down from 25 °C to 20 °C anytime before the L4 stage
(Fig. S2). Fertility could not, however, be restored by shifting
adults reared at 25 °C down to 20 °C, demonstrating that the
temperature-sensitive sterility is at that point irreversible. Taken
together, these data place the male-fertility defect at the L4
stage, coincident with the timing of spermatogenesis.
ALG-3 Is Expressed in the Region of the Germline Undergoing
Spermatogenesis. To examine the localization of ALG-3, we
generated a full-length, N-terminally tagged GFP::alg-3 trans-
genic line under the control of the alg-3 promoter and 3′UTR.
This transgenic line rescues alg-3; alg-4 brood size to a level near
the single alg-4 (ok1041) mutant (Fig. 1A). In GFP::alg-3 her-
maphrodites and males, GFP expression was observed in the
proximal germline beginning at the L4 stage (Fig. 2A and Fig.
S3A), coincident with the onset of spermatogenesis. In adult
hermaphrodites, after the switch to oogenesis, GFP::ALG-3
expression was restricted to the spermatheca. Within the sper-
matheca, in hermaphrodites and testis in males, GFP::ALG-3
was localized within residual bodies, which are enucleate cyto-
plasts produced by the budding off of mature spermatids at the
end of meiosis II. Little if any GFP::ALG-3 could be detected in
mature spermatids (Fig. 2 B and C and Fig. S3B). As expected,
the proximal expression of GFP::ALG-3 continued through
adulthood in males (Fig. 2C and Fig. S3C). Within the devel-
oping spermatocytes, GFP::ALG-3 was ﬁrst apparent in the
postpachytene germline before the point where chromosomes
appear to aggregate into a single mass (Fig. 2A) (17). GFP signal
was localized throughout the cytoplasm and enriched at peri-
nuclear foci coincident with P granules based on colocalization
with RFP::PGL-1 (Fig. 2B) (18). The developmental expression
proﬁle of alg-3 mRNA mirrored that of GFP::ALG-3 protein
expression and was enriched in male-enriched populations and
depleted in female populations (Fig. S3D).
alg-3/4 Double Mutants Exhibit Defects in Spermatogenesis and
Spermiogenesis. To investigate the underlying cause of the alg-
3/4 male germline-associated sterile phenotype, we examined the
development and numbers of alg-3/4 spermatids in more detail.
Relative to fog-2 males, alg-3/4 males produced approximately
Fig. 1. alg-3/4 mutants exhibit temperature-sensitive sterility associated
with the male germline. (A and B) Box-and-whiskers plots of brood size in
wild-type and mutant strains as indicated for (n > 20) animals cultured at 20
°C (blue) and 25 °C (red). In these and all subsequent box-and-whisker plots,
the top and bottom ends of each box represent the 75th and 25th percen-
tile, respectively; the line in the middle represents the median value; and the
extended lines illustrate the range (highest and lowest value). The temper-
ature of cultivation is indicated by color. (A) Self-crosses; (B) crosses between
fog-2 (wild-type) and alg-3/4;fog-2 (mutant) worms.
Fig. 2. GFP::ALG-3 is expressed during spermatogenesis. (A–C) Micrographs
of ALG-3::GFP (green), nuclear staining/DAPI (blue), and PGL-1::RFP (red). (A)
Confocal images in a young adult hermaphrodite. (B) Onset of expression in
the proximal region of a male gonad. (C) Nomarski and ﬂuorescence images
of spermatids attached to residual bodies.














wild-type numbers of spermatids at 20 °C, and at 25 °C produced
29% fewer than wild type (Fig. 3A). This reduction in mature
spermatids at the nonpermissive temperature was correlated
with the persistence of abnormal secondary (2°) spermatocytes
into adulthood (Fig. S4). These 2° spermatocytes appeared to be
arrested as large dinucleate masses or as spermatids that fail to
bud from the residual body. Chromosome bridging was observed
in 20% of abnormal secondary spermatocytes in both males and
hermaphrodites, indicating possible segregation defects during
meiosis (Fig. S4). Hence, a reduction in the number of sper-
matids and defects in meiotic cell division could contribute to the
fully sterile phenotype of alg-3/4 double mutants at the non-
permissive temperature. However, many apparently normal
spermatids are produced in alg-3/4 mutants at both the permis-
sive and nonpermissive temperatures. We therefore wondered
whether a defect in spermiogenesis also existed. During sper-
miogenesis, activated spermatids form spikes that protrude from
the cell and subsequently rearrange into a single pseudopod (19).
In vivo, male spermatids are activated upon ejaculation, while
hermaphrodite spermatids are activated when an oocyte enters
the spermetheca (20). In vitro, spermiogenesis can be induced by
treating isolated spermatids with pronase (19). Relative to fog-2,
20% fewer alg-3/4 spermatids isolated from males were activated
by pronase, as indicated by the formation of spike-like structures
at permissive temperature (Fig. 3B). Strikingly, only 10% of
activated alg-3/4 spermatids progressed to form pseudopods,
compared to 57% of activated wild-type spermatids. Instead, the
alg-3/4 spermatids accumulated many abnormal, long spike-like
structures and failed to become motile (Fig. 3C). At non-
permissive temperature, this defect increased, as less than 2% of
spermatids examined formed pseudopods compared to 54%
for wild-type (Fig. 4B).
A Class of Sperm-Speciﬁc 26G-RNAs Requires alg-3 and alg-4. Small
RNAs that engage speciﬁc AGOs are often depleted in the
corresponding AGOmutant backgrounds (4, 6, 9). Therefore, we
used Illumina deep sequencing to identify small RNA species
that were depleted in the alg-3/4 mutant background. Small
RNAs were isolated from male-enriched fog-2 and alg-3/4 pop-
ulations, as well as mature sperm isolated from fem-3 her-
maphrodites, which overproduce sperm. To ensure that both
5′ monophosphorylated and 5′ triphosphorylated small RNAs
would be amenable to ligation, samples were pretreated with
tobacco acid pyrophosphatase before cloning (9). In both the
wild-type and alg-3/4 datasets, the majority of small RNAs were
found within a large peak in the 21 to 23nt size range, corre-
sponding to microRNAs, 21U-RNAs, and 22G-RNAs (Fig. 4A)
(6, 9, 10). Strikingly, a second, much smaller peak at 26nt was
observed in the wild-type dataset but was completely absent in
the alg-3/4 dataset (Fig. 4A). A strong bias for guanine at the
5′ residue of the 26 nt RNA species (86% of the 67,206 reads in
wild type) allowed us to identify these small RNAs as 26G-RNAs
(10). Interestingly, alg-3/4-dependent 26G-RNAs exhibited a
strikingly lower abundance in mature sperm when compared to
the whole-male samples. Overall, 26G-RNAs were 7-fold less
abundant in mature sperm, a ﬁnding consistent with the
expression pattern of GFP::ALG-3 protein, which was detected
in developing spermatocytes but not in spermatids.
Most male-enriched 26G-RNAs were antisense to the expressed
regions of endogenous C. elegans genes (Fig. 4B and ref. 10). All
together, 3,191 genes were targeted by 26G-RNAs found in our
wild-type samples, including 733 genes whose mRNAs were pre-
viously identiﬁed as enriched during spermatogenesis (21). In
contrast, only 1,093 genes (279 spermatogenesis-enriched) were
targeted by 26G-RNAs in the alg-3/4 mutant data sets (Tables S1
and S2). To create a more stringently deﬁned set of 26G-targeted
genes, we applied a cutoff that included only genes targeted by at
least 10 26G reads per million total reads. This higher-conﬁdence
set included 400 genes targeted by 26G-RNAs in wild-type, while
only 4 genes were targeted in alg-3/4 mutants. Among the 400
stringently-deﬁned 26G-RNA targets, 397 genes (> 98%) were at
least 2-fold depleted of 26G-RNAs in alg-3/4mutants (Fig. 4E and
Table S3). The majority of 26G-RNAs that were not dependent on
alg-3/4 activity were dependent on ergo-1, which encodes an AGO
required for a subset of 26G-RNAs that are abundantly expressed
in embryos (14).
We used microarray analysis of young-adult RNA prepara-
tions to ask if the mRNAs targeted by 26G-RNAs were mis-
regulated in alg-3/4 mutants (Fig. 4C). Strikingly, we found that
109 of the 397 most stringently deﬁned targets were up-regulated
by 2-fold or more in the alg-3/4 mutants (Figs 4C and 4E, and
Table S4). Real-time quantitative RT-PCR (RT-qPCR) analysis
of seven alg-3/4 26G-RNA targets conﬁrmed the microarray
analysis: Five targets that were up-regulated in the microarrays
were also up-regulated by RT-qPCR, and two targets that were
unchanged in the microarray analysis were also unchanged in the
Fig. 3. alg-3/4 mutants exhibit defects in sperm activation. (A) Box-and-
whisker plots of spermatid counts performed on (n > 20) wild-type (fog-2)
and alg-3/4;fog-2 animals (as indicated) cultured at 20 °C (blue) or 25 °C
(red). (B) Graphic depiction of spermatid activation, illustrating the percent
of spermatids with pseudopods (green), spikes (orange), or unactivated (red)
(n > 200). (C) Nomarski images of wild-type (fog-2) and alg-3/4;fog-2 sper-
matids before (Left) and after (Right) activation. Black arrowheads denote
pseudopods.
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RT-qPCR assay (Fig. 4D). As expected, an ERGO-1-dependent
26G-RNA target was not up-regulated in alg-3/4 mutants.
ALG-3/4-dependent 26G-RNAs were not distributed randomly
along their targets. Instead we noted a marked bias for accumu-
lation at the termini of the transcripts (Fig. S5). Approximately
half of the targets exhibited a bias for 5′ accumulation of 26G-
RNAs, while 34% exhibited a 3′ bias (Fig. 4E). Strikingly, the
mRNA levels of genes targeted by 26G-RNAs with a bias for
5′ accumulation showed higher levels of up-regulation: 85%of the
109 targets up-regulated in the alg-3/4 mutants based on micro-
array analysis exhibited a 5′ bias for 26G-RNA accumulation. In
contrast, only 5.5% of up-regulated targets exhibited a 3′ bias. The
remaining 9.5% exhibited no bias (Fig. 4E).
Finally, we usedNorthern blot analysis to examine the expression
of representative 26G-RNA species. We found that 26G-RNAs
targeting f36h12.4 and ssp-16were not detectable in alg-3/4mutants
when compared to wild type, but were unaltered in ergo-1 mutants
(Fig. 4F). In alg-3(tm1155) and alg-4(ok1041) single mutants, these
26G-RNAs were only partially reduced (Fig. 4F). Conversely, a
probe designed to detect 26G-RNAs from an ergo-1-dependent
26G-RNA target (14) c40a11.10 revealed strong depletion in the
ergo-1 mutants, but showed no change in abundance in alg-3/4
mutants. Spermatogenesis-expressed 26G-RNAs were also missing
in rrf-3 and eri-1, supporting the placement of these small RNAs in
the ERI pathway. Interestingly, the presence of these 26G-RNAs
were only partially reduced in, a multiple mutant lacking all 12
WAGO genes (MAGO-12). These ﬁndings are consistent with the
idea that spermatogenesis-speciﬁc 26G-RNAs depend on alg-3 and
alg-4, while 26G-RNAs expressed at other stages depend on ergo-1
(Fig. 4F and ref. 14).
wago-1- and alg-3/4-Dependent 22G-RNAs Are Expressed in Mature
Spermatids. Two recent studies identiﬁed distinct 22G-RNA
populations that interact with the argonautesWAGO-1 and CSR-
1 (5, 9), but did not explore 22G-RNA expression in sperm. We
found that 22G-RNAs represented ∼70% of all small RNAs
cloned from sperm (Fig. 5A), a proportion comparable to that
observed in small RNAs recovered from gravid adult samples (9).
Among the 397 targets that exhibited depletion of 26G-RNAs in
alg-3/4 mutants, 185 also exhibited a twofold or greater depletion
in 22G-RNAs (Fig. 5C andTable S5). In contrast to the expression
pattern of 26G-RNAs, which were less abundant in mature sperm
samples than in male-enriched samples, the overall level of 22G-
RNAs that target alg-3/4 26G-RNA targets was not changed in the
sperm sample relative to the male-enriched sample.
BecauseWAGOproteins interact with 22G-RNAs (9), we asked
whether WAGOs were present in and required for spermatid
function. Consistent with this possibility, MAGO-12 mutants
exhibit a temperature-sensitive sterile phenotype (9). We found
that the sterility of MAGO12 hermaphrodites could be partially
rescued by mating with wild-type males: Crosses with wild-type
males at 25 °C produced an average brood of 29.8 progeny, com-
pared with an average brood of 5.7 for self-mated hermaphrodites.
Furthermore, we found that a GFP::WAGO-1 translational fusion
was expressed throughout the germline and, unlike GFP::ALG-3,
was also present in mature spermatids (Fig. 5B).
Discussion
Argonautes and their associated small RNAs function in gameto-
genesis in all metazoans. The best-studied examples are Piwi-clade
AGOs, which function in the suppression of transposon activity in
mammals, insects (reviewed in ref. 22), and nematodes (6, 7). Here,
we have shown that two AGO-class paralogs, alg-3 and alg-4,
function duringmale gametogenesis to promote fertility at elevated
temperatures (thermotolerance). Interestingly, these AGOs are
required for a species of 26nt RNA called (26G-RNAs) that are
antisense to hundreds of spermatogensis-enriched mRNAs (rather
Fig. 4. Analysis of 26G-RNA expression and targeting. (A) Length and ﬁrst-nucleotide distribution of deep-sequencing reads from wild-type (fog-2) (Left),
and alg-3/4; fog-2 (Right). (B) Two-point plots comparing the relative proportions of various small RNA classes (as indicated by color) in wild-type (fog-2) (Left)
and alg-3/4; fog-2 mutants (Right) for 26nt long reads. (C) Box-and-whisker plots depicting relative mRNA levels in microarray assays on alg-3/4 (mutant) and
N2 (wild-type) populations. Here and in Fig. 5, the y axis represents the relative mRNA levels [measured as (alg-3/4mutant value divided by [wild-type plus alg-
3/4mutant values]) for any given locus]. Dotted lines indicate the values corresponding to 2-fold enrichment (a value of 0.66) or depletion (a value of 0.33). (D)
RT-qPCR measurement of target mRNAs up-regulated (bold type) or not regulated (regular type) based on microarray analysis. k02e2.6 is an ergo-1-
dependent 26G-RNA target. (E) Schematic representation of 26G-RNA targets deﬁned using using a cutoff of 10 reads per million. (F) Northern blot analysis
of small RNAs in wild-type and various mutant backgrounds as indicated. SL1 and mir-66 are loading controls.














than to transposons or repetitive elements). Moreover, many of the
genes targeted appear to be down-regulated in response.
A subset of 26G-RNAs are expressed during embryogenesis
and depend on a distinct argonaute, ERGO-1 (14, 23). Vasale
et al. (14), propose a model for ERGO-1-dependent 26G-RNAs
that involves two rounds of RNA templated small RNA pro-
duction and mRNA targeting. In this two-step model, ERGO-1
interacts directly with 26G-RNAs produced by the ERI-complex-
associated RNA dependent RNA polymerase (RdRP), RRF-3.
The resulting ERGO-1/26G-RNAs then recognize mRNA tar-
gets. However, rather than directly down-regulating these tar-
gets, the initial targeting recruits a second RdRP (RRF-1 and/or
EGO-1), which then produces 22G-RNAs that are loaded onto
WAGO-class argonautes to mediate silencing (14). Finally,
whereas ERGO-1 and its associated 26G-RNAs are abundant
during embryogenesis, the corresponding 22G-RNAs on the
ERGO-1 targets are abundant throughout later larval develop-
ment and into adulthood.
Several of our ﬁndings are consistent with a similar two-step
model for ALG-3/4-dependent 26G-RNAs (Fig. 6A). First,
ALG-3 expression is required for and coincides with expression
of the spermatogenesis-expressed 26G-RNAs. Second, as was
the case for ERGO-1, ALG-3/4 are also required for the
expression of 22G-RNAs on their targets. Finally, whereas both
ALG-3 and 26G-RNAs are depleted in mature sperm, WAGO-1
and the ALG-3/4-dependent 22G-RNAs remain abundant in
mature sperm. Taken together, these ﬁndings support a model in
which ALG-3/4 are loaded with 26G-RNAs produced by the
ERI-Dicer-complex during spermatogenesis. These in turn, may
induce the recruitment of a second RdRP to produce 22G-RNAs
that persist as WAGO-1 complexes in mature sperm. This two-
step AGO system could function to control the levels of mRNAs
important for sperm function, perhaps by down-regulating in
mature sperm a set of transcripts expressed during spermato-
genesis (Fig. 6B). Persistence of WAGO-1 22G-RNA complexes
in mature sperm may also provide a mechanism for the inher-
itance of epigenetic silencing signals important for fertility.
AGOs, Temperature-Sensitive Sterility, and P Granules. Wild-type
animals exhibit sterility when cultured just 2 °C above the opti-
mum growth range of 20 to 25 °C (24), suggesting that one or
more aspect of gametogenesis involves an inherently temper-
ature-sensitive process. In addition to the alg-3; alg-4 mutants
and the 12-fold WAGO mutants discussed above, mutations in
the Piwi-related AGO, prg-1, cause temperature-dependent
sterility. Mutations in a fourth AGO, csr-1, cause nonconditional
sterility and chromosome segregation defects.
Interestingly, ALG-3, WAGO-1, PRG-1, and CSR-1 all
localize to germline nuage structures called P granules, and csr-1
mutants exhibit dramatic mislocalization of the P granules away
from the periphery of germ-cell nuclei (5, 6, 9). Furthermore,
mutations in other P-granule components that cause defects in
the localization of the P granules, including pgl-1 and glh-1 (18,
25), also result in temperature-dependent sterility. P granules
appear to dock with nuclear pores and are thought to be pro-
cessing centers for germline transcripts (26). Thus, it seems likely
that P granules function broadly to organize posttranscriptional
regulation (and perhaps aspects of transcriptional regulation) in
the germline, and that at least some of these regulatory mech-
anisms are inherently sensitive to temperature.
Adaptation to Temperature and Small-RNA Pathways. AGO systems
appear to have independently evolved genome-scale regulatory
capacities in diverse organisms. For example, the AGO-mediated
micro-RNA (miRNA) systems of plants and animals appear to
have independent evolutionary origins, and yet in both systems
miRNAs have acquired hundreds of targets, many with subtle
affects on gene expression (27, 28). The ALG-3/4 system provides
another example of an independently evolved AGO system that
has acquired hundreds of targets. The modularity of AGO/small-
RNA-mediated targeting permits a single class of AGO protein to
interact with hundreds or thousands of different small RNA
cofactors, each of which can in turn regulate the expression of
multiple targets. Consequently, the expression and sequence of
Fig. 5. Analysis of Small RNA pathways in mature sperm. (A) Pie chart
representing the distribution of different classes of small RNA present in
isolated spermatids. The 26nt RNAs represent less than 2% of the total small
RNA reads. (B) alg-3/4 targets are also 22G-RNA targets. The Venn diagram
shows intersection between regulated alg-3/4 targets (based on microarray)
and targets that are depleted 2-fold or greater of 22G-RNAs. The box-and-
whisker diagram shows depletion of 22G-RNAs relative to wild-type on alg-
3/4 targets. y axis represents the relative proportion of reads (measure as
alg-3/4 mutant value divided by wild type value plus alg-3/4 mutant value).
(C) GFP::WAGO-1 expression in an adult male (upper panel). Spermatids are
marked with a white arrow head. GFP::WAGO-1 expression in individual
spermatids, also stained with DAPI (blue, lower panel).
Fig. 6. Model of ALG-3/4 and WAGO-1 expression during sperm develop-
ment. (A) Depiction of spermatogenesis and spermiogenesis, with ALG-3/4
and WAGO-1 expression indicated by the red and green bars (respectively),
as well as a model for the biogenesis of 26G and 22G RNAs. The schematic in
B illustrates a potential role for ALG-3/4 in lowering target-mRNA levels to
increase robustness to temperature.
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the AGO itself, as well as the expression and sequence of each
speciﬁcity-determining small-RNA, can evolve independently.
We hypothesize that these features provide AGO systems with the
capacity to evolve rapidly, giving them the ability to superimpose
new regulation on existing gene-expression networks.
The rules that govern the recognition of a transcript and trigger
the biogenesis of 26G-RNAs are not yet known. The structure or
expression of the target gene or transcript may promote recog-
nition. Alternatively, all transcripts might be sampled stochasti-
cally during nuclear export and processing in the P granule, as
discussed above. Whatever the mechanism for initial targeting,
the presence of 22G-RNAs in mature sperm could drive a feed-
forward mechanism that reinforces the recognition and silencing
of ALG-3/4 targets in the next generation. Thus the ALG-3/4
system may function both broadly and heritably to promote
robustness to temperature by functioning broadly in the regu-
lation of a multitude of targets whose silencing improves the
robustness of sperm to temperature.
Gametogenesis appears to be an inherently thermosensitive
process both in C. elegans and in other metazoans. In most
mammals, core body temperatures are lethal to sperm, and
external male gametogenesis appears likely to represent an
adaptation that was basal to the evolution of endothermy in the
vertebrate lineage (29). Understanding how the alg-3/4 pathway
promotes thermotolerant sperm development is likely to uncover
general principals of gene regulation important for fertility,
development, and germline maintenance in diverse organisms.
Experimental Procedures
Worm Strains and Genetics. C. elegans culture and genetics were as described
in ref. 30. The Bristol N2 strain was used as the standard wild-type strain.
Alleles used, listed by chromosome, include: Unmapped: neIs23[unc-119(+)
GFP::ALG-3]; LGII: neSi1[cb-unc-119(+) GFP::WAGO-1]; LGIII: alg-4(ok1041),
alg-4(1184), unc-119(ed3); LGIV: alg-3(tm1155), fem-(q20); LGV: fog-2(q71),
ergo-1(tm1860).
The GFP::ALG-3 transgenic strain was generated by biolistic trans-
formation (31). GFP::wago-1 single-copy insertions were obtained by Mos-
mediated single copy insertion (32). Details, including the generation of
fusion constructs, are provided in SI Experimental Procedures.
Brood size analysis was performed as described (6). Males were enriched
from fog-2 or alg-3/4;fog-2 cultures as described (33). Spermatid activation
was performed as described (19). Spermatid numbers were determined by
imaging male worms stained with DAPI. Additional details are provided in SI
Experimental Procedures. Microscopy was performed as described (5).
Molecular Biology. Enrichment of small RNA and Northern blot analysis were
performed as described (9). Probe sequences are provided in SI Experimental
Procedures. Small RNAs extracted from isolated sperm, fog-2males and alg-3/
4;fog-2maleswere pretreatedwith TobaccoAcid Pyrophosphatase (Epicenter
Biotechnologies) and cloned using a 5′ ligation-dependent protocol (9). cDNA
libraries were sequenced by the University ofMassachusetts Deep Sequencing
Core using an Illumina GAII. RT-qPCR was performed as described in ref. 6.
Primer sequences are available upon request. Analyses of deep-sequencing
and tiling array data were performed as described (9).
Accession Numbers. All RNA sequences extracted from Illumina reads and
Microarray data as described were deposited in the National Center for
Biotechnology Information’s Gene Expression Omnibus and are accessible
through Gene Expression Omnibus SuperSeries accession number GSE18731.
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